Plant viruses cause a wide array of disease symptoms and cytopathic effects. Although some of these changes are virus specific, many appear to be common even among diverse viruses. Currently, little is known about the underlying molecular determinants. To identify gene expression changes that are concomitant with virus symptoms, we performed comparative expression profiling experiments on Nicotiana benthamiana leaves infected with one of three different fruit tree viruses that produce distinct symptoms: Plum pox potyvirus (PPV; leaf distortion and mosaic), Tomato ringspot nepovirus (ToRSV; tissue necrosis and general chlorosis), and Prunus necrotic ringspot ilarvirus (PNRSV; subtle chlorotic mottling). The numbers of statistically significant genes identified were consistent with the severity of the observed symptoms: 1,082 (ToRSV), 744 (PPV), and 89 (PNRSV). In all, 56% of the gene expression changes found in PPV-infected leaves also were altered by ToRSV, 87% of which changed in the same direction. Both PPV-and ToRSV-infected leaves showed widespread repression of genes associated with plastid functions. PPV uniquely induced the expression of large numbers of cytosolic ribosomal genes whereas ToRSV repressed the expression of plastidic ribosomal genes. How these and other observed expression changes might be associated with symptom development are discussed.
Virus disease and ensuing crop failure results from a wide array of destructive symptoms. These often include plant stunting, changes in leaf or fruit morphology, tissue chlorosis, necrosis, and sometimes plant death. The development of virus symptoms is a complex phenomenon and varies with respect to the specific virus-host and even strain-host combination, plant developmental status at the time of infection, and envi-ronmental conditions, including light and temperature (Matthews 1991) . Moreover, they are often transient because plants can recover from an initial infection "shock" and symptoms later reappear in response to environmental changes or after seasonal plant dormancy. Although the physical and cellular changes associated with symptom development have been documented extensively over the past 100 years, the molecular causes are largely unknown. A detailed understanding of these interactions should lead to new and creative methods to control plant viruses.
Recently, a number of examples have emerged from the literature providing insight into some of the molecular mechanisms that contribute to symptom development. Padmanabhan and associates (2006) identified a host protein (IAA26/PAP1) in Arabidopsis that is sequestered from the nucleus by the Tobacco mosaic virus (TMV) replicase. Transgenic plants designed to mimic the sequestration of IAA26/PAP1 in the absence of virus show phenotypes similar to virus-infected plants (Padmanabhan et al. 2005 (Padmanabhan et al. , 2006 . IAA26/PAP1 is a member of a family of transcription factors that control the expression of auxin-responsive genes. The geminivirus replication protein AL1 was found to interact with a host retinoblastoma protein (pRBR). A strain carrying an AL1 mutation that disrupted interactions with pRBR produced distinct symptoms and, unlike the wild type, was restricted to the vascular tissue (Kong et al. 2000) . The rice dwarf virus capsid protein P2 associates with an ent-kaurene oxidase that plays a central role in gibberellin biosynthesis. Exogenous application of gibberellin blocked the dwarfing symptom (Zhu et al. 2005) . In addition to direct interaction with host proteins, virus disruption of host miRNA regulation via virus-encoded silencing inhibitors also has been implicated as a potential cause of symptom development (Kasschau et al. 2003) . Other indirect impacts also are likely to contribute to symptoms such as altered hormone regulation (Jameson and Clark 2002) . Collectively, these examples indicate that plant viruses induce symptoms by interfering with multiple host developmental or metabolic signaling pathways.
Microarray technology has emerged as a powerful tool to evaluate changes in the expression of thousands of genes simultaneously. A number of microarray experiments have focused on virus-infected plants (Chen et al. 2002; Golem and Culver 2003; Huang et al. 2005; Marathe et al. 2004; Senthil et al. 2005; Trinks et al. 2005; Whitham et al. 2003) . A majority of these studies have taken advantage of the model system Arabidopsis and have revealed a remarkable complexity in host responses to plant viruses that vary depending on the source of tissue, time postinfection, virus strain, and host. From these studies, a number of genes have been found to be commonly induced by plant viruses (Whitham et al. 2006 ). These are associated primarily with more general biotic and abiotic stress responses. Although it is assumed that genes associated with symptom development are represented within these expression data, identifying which genes and how they relate to symptoms remains a substantial hurdle. Making these analyses particularly problematic are difficulties comparing data across experiments that use different microarray platforms and experimental approaches, the biological complexity of virus-infected tissue composed of different cell types and disease states, as well as the large numbers of genes lacking known functions.
Comparative studies using related or unrelated viruses that cause both common and distinct symptoms in the same host plant offer opportunities to link changes in global gene expression to specific symptoms. This is based on the hypothesis that similar symptoms produced by different viruses or strains will share overlapping changes in global gene expression. Likewise, these changes should not be found in virus-host combinations which lack the associated symptoms. Although Arabidopsis has been widely used to study virus-host interactions and is susceptible to numerous viruses, it is not always ideal for comparative studies because some plant viruses infect only one or a few particular ecotypes or do not cause symptoms (Balasubramaniama et al. 2006; Dardick et al. 2000; Decroocq et al. 2006; Mahajan et al. 1998; Senthil et al. 2005; Simon et al. 1992) . In these respects, Nicotiana benthamiana offers an attractive alternative for comparative gene expression studies. The Institute for Genomic Research (TIGR, Rockville MD, U.S.A.) potato cDNA array was used successfully by Senthill and colleagues to study gene expression changes in N. benthamiana that result from infection by negative-sense, enveloped RNA viruses (Rensink et al. 2005; Senthill et al. 2005) . Here, this same system was used to study the impacts of positivesense stone fruit RNA viruses on host gene expression.
Unlike many other crops afflicted by bacterial or fungal pathogens, stone fruit production, including peach, plum, apricot, and cherry, primarily suffers from viral diseases. The most notorious and destructive disease is Sharka, caused by Plum pox potyvirus (PPV). PPV has long ravaged European fruit production and was first identified in the United States in 1999. Other economically important stone fruit viruses, including Tomato ringspot nepovirus (ToRSV) and Prunus necrotic ringspot ilarvirus (PNRSV), also cause significant losses to stone fruit production. PPV, ToRSV, and PNRSV are all single-stranded, positive-sense RNA viruses that infect many of the same hosts but differ in genome organization and particle morphology (Fig. 1 ). In this study, we sought to compare both symptoms and impacts on host gene expression by these viruses in N. benthamiana, with the goal of identifying both shared and virus-specific host transcriptional changes.
RESULTS

PPV, ToRSV, and PNRSV produce distinct symptoms in N. benthamiana.
N. benthamiana plants infected with PPV, ToRSV, or PNRSV were monitored for symptom development over a period of 4 weeks. Each virus produced distinct symptoms (Fig. 2) . PPV symptoms were typical for potyviruses, including changes in leaf morphology and the appearance of mosaic chlorosis. In contrast, ToRSV caused severe yellowing in systemically infected leaves and systemic necrosis by 2 weeks postinoculation (PI). Following initial collapse of the primary stem, plants typically recovered by 4 weeks PI and remained chlorotic and stunted. Though virus could be detected in systemic leaves by enzyme-linked immunosorbent assay (data not shown), PNRSV induced little or no symptoms by 2 weeks PI and only subtle chlorotic mottling was observed at 4 weeks PI. Features, open reading frames and nucleotide length of each genome are shown. The PNRSV coat protein is encoded by a subgenomic RNA derived from RNA 3. Both PPV and ToRSV RNAs contain poly A tails and encode polyproteins (a single large polypeptide is cleaved by viral encoded proteases to produce functional viral proteins). The circles shown on the 5′ ends of ToRSV and PPV represent the viral encoded VPg cap required for translation. Electron microscope images of PNRSV and PPV virions are from C. Dardick and C. Murphy (unpublished research) . The nepovirus image was kindly provided by Rothamsted Research. Copyright for this image is the property of Rothamsted Research.
Microarray experimental design.
To compare expression profiles of the distinct disease states produced by these three viruses, upper noninoculated symptomatic leaves were harvested for RNA extraction after 2 weeks PI. Microarray hybridization experiments are outlined in Figure 3. A reference design was used in which labeled cDNA derived from each virus-infected sample was hybridized with labeled cDNA from the same mock-inoculated controls. This design allowed for direct comparisons between the expression profiles resulting from all three virus infections. To obtain robust and statistically accurate data, four biological replicates and four technical replicates (dye swaps) were used for all virus treatments and mock-inoculated controls. Each biological rep-licate consisted of 16 to 20 symptomatic leaves derived from four infected plants. The four plants were obtained from two sets of independent inoculations (two plants each) performed 8 weeks apart but maintained under the same conditions in the same growth chamber.
Data analysis and rationale.
Diseased tissue is biologically complex. Each infected leaf consists of multiple tissue types and symptomatic states (Havelda and Maule 2000) . Virus infection typically is incomplete and only specific zones within the leaf contain high titers of virus. Virus-free tissue sometimes is observed as "green islands" which are resistant to subsequent virus infection due to the activation of host defense responses (Atkinson and Mathews 1970; Xie et al. 2001) . In this study, whole leaves from systemically infected plants were used. Thus, each RNA sample was derived from a mix of cell types, developmental stages, and disease states. As a consequence, genes that are profoundly altered only during specific developmental stages, in specific cell types, or in only certain zones of the leaf likely are diluted and appear as smaller changes. Likewise, genes that show opposite expression patterns among different tissues or disease states have the potential to cancel each other out. The data presented here represents an overall view of the leaf transcriptional response at a single time point during infection and the extent of up-or downregulation is not necessarily an indicator of the biological importance with respect to disease.
Cumulative changes in gene expression.
In all, 1,438 unique statistically significant genes were collectively identified for all three virus infections. The number of statistically significant genes identified from each virus treatment correlated with the severity of symptoms: 1,082 (ToRSV), 744 (PPV), and 89 (PNRSV). Relatively few genes were identified in PNRSV-infected plants, consistent with the overall mild symptoms induced by this virus. There was substantial overlap in the genes altered by each virus and, in most cases, the observed expression changes were in the same direction (i.e., induced in most or repressed in most) ( Fig. 4 ). In all, 56% (417/744) of statistically significant genes identified from PPV-infected leaves also were altered in ToRSV-infected leaves, 87% (363/417) of which changed in the same direction. Seventy percent (62/89) of the genes altered by PNRSV also were altered by PPV, ToRSV, or both. These data indicate that, despite differences in symptoms, there is significant overlap in the gene expression changes induced by these diverse viruses.
Statistical analysis of functional categories.
In this study, we focused on patterns of expression among different functional categories of genes to identify correlations with the observed symptoms, assuming that any individual gene is potentially a statistical anomaly whereas groups of functionally related genes with shared expression patterns would not occur by chance. Genes represented on the NSF potato array have both annotation and gene ontology (GO) information (Rensink et al. 2005) . Upon initial data analysis, it became apparent that existing GO terms and annotation are, in many cases, incomplete or do not reflect published literature. Also, some GO categories are very general and offer little insight into biological mechanisms. Therefore, additional annotation and literature searches were conducted on the entire set of 1,438 statistically significant genes. This information was used to create a custom set of functional gene categories and subcategories (Table S2 ). The resulting classification scheme served as the context for all subsequent data analyses.
Four categories (unknown, protein synthesis/translation, chloroplast/light response/photosynthesis, and stress/pathogenesis) composed 51% of all statistically significant genes in this study (Fig. 5 ); however, because it was not possible to perform comparable annotations for all genes spotted on the microarray, it is not clear whether any of these categories represent enrichments in the virus treatments.
After gene categorization, it became apparent that some categories and subcategories showed trends whereby most members within a category were either induced or repressed by one or more viruses. This prompted us to calculate the induced versus repressed gene ratio for each category and subcategory. First, the numbers of genes induced and repressed in each category and subcategory were tabulated for all three virus treatments ( Fig. 6 ). Data from expanded secondary classifications were used for three categories (chloroplast function/photosynthesis, stress/pathogenesis, and virus interaction). To determine whether each ratio was statistically significant and exclude ratios that could have occurred by chance, χ 2 and Fishers exact tests were performed on all categories and subcategories comprising at least 10 members. A similar approach was used by Kasuga and associates (2005) for enrichment analysis. The results for statistically significant categories (P values < 0.05) are shown in Table 1 and the complete analysis is available in Table S3 . No statistically significant categories were identified for PNRSV. The following are detailed descriptions of the results for each statistically significant category and subcategory.
Plastid-associated genes.
Several key metabolic functions take place within plastids, including amino acid biosynthesis, Calvin cycle, carbohydrate metabolism, and photosynthesis (Kleffmann et al. 2004 ). In both PPV-and ToRSV-infected leaves, widespread repression of genes associated with plastid function was observed. In all, 243 genes in this category were identified. ToRSV altered 198 of these genes, 91% (181) of which were repressed. Among the 17 induced genes, 4 have known functions in chloroplast (STMIN38), chlorophyll (STMEJ57), or starch (STMGJ02) degradation and 1 inhibits chlorophyll biosynthesis (STMIL23). PPV altered the expression of 137 genes in this category, 83% (113) of which were repressed. Thirty-four percent (83/243) of all plastid-related genes were repressed by both PPV and ToRSV. No overlap was identified among the induced genes. The observed repression extended to all plastid subcategories, including Calvin cycle, light harvesting, and photosynthesis. Statistically significant repression of amino acid biosynthesis and plastid ribosome genes was observed only for ToRSV.
Despite the extensive alterations of plastid-associated genes caused by both PPV and ToRSV, few plastid-encoded genes were identified as statistically significant. The Arabidopsis plastid genome contains 87 genes (Sato et al. 1999) . Based on similarity to Arabidopsis counterparts, we estimated that approximately 30% (26) of all plastid-encoded genes are represented on the potato array (BLASTN e value < e -10 , data not shown). Of these, only five genes were altered by one or more viruses (Table S4 ). Consequently, the repression of plastidrelated genes by both PPV and ToRSV was predominantly directed against nuclear-encoded genes.
Protein synthesis and translation.
In all, 194 genes with functions related to protein synthesis were identified as statistically significant. This category includes proteins associated with translation initiation and release factors, tRNA metabolism, Sec protein transport and folding, and ribosome proteins. In this category, 131 genes were altered by PPV infection, 80% (105) of which were induced. In stark contrast, 75% (72/96) of the genes in this category were repressed by ToRSV.
The observed induction by PPV was due mostly to cytosolic ribosomal subunits, of which 99% (72/73) were induced (Fig.  7) . In Arabidopsis, cytosolic ribosomes comprise over 70 subunits encoded by 227 genes (Barakat et al. 2001; Chang et al. 2005; Nakao et al. 2004 ). Through comparisons with Arabi- dopsis, it was determined that the genes induced by PPV represent 41% of all ribosomal genes printed on the array and encode 56% of all cytosolic large and small subunits (Table S5 ). In contrast to PPV, 80% (35/44) of ribosomal genes altered by ToRSV were repressed. Much of the observed repression was due to plastidic ribosomal subunits, 87% (20/23) of which were repressed.
Stress-or pathogenesis-associated genes.
In all, 153 genes classified as stress-or pathogenesis-associated were identified as statistically significant in leaves infected by PPV (69), ToRSV (122), and PNRSV (6). These included many common stress or pathogenesis genes, including WRKY transcription factors, pathogenesis-related proteins, putative disease resistance genes, heat shock factors, and wound and senescence response genes. Widespread induction of these genes was observed for ToRSV (79%; 96/122). PPV induced 70% (48/69) of the genes in this category although this was not statistically significant. There was substantial overlap between PPV and ToRSV and, of the 39 genes shared by PPV and ToRSV, only 5 showed opposite expression patterns: 2 bZIP transcription factors were repressed by ToRSV but induced by PPV whereas 3 stress-associated genes were repressed by PPV and induced by ToRSV.
A set of 31 genes that commonly are induced by plant virus infection have been identified previously, most of which are related to pathogenesis and stress (Whitham et al. 2006) . Of these 31 genes, 77% (24/31) were represented by similar sequences in the 1,438 statistically significant genes we identified and 79% (19/24) had at least 1 similar gene that was likewise induced by one or more viruses (Table S6 ). Of the genes that were induced by both PPV and ToRSV, 62% (13/21) were stress or pathogenesis associated. The five exceptions not in-duced in this study fell into the following categories (Whitham et al. 2006 ): cell-wall-related, lipase, kinase, oxidation or reduction, and diterpenoid biosynthesis. None were found to be induced by PNRSV.
Genes in the pathogenesis or stress category were further categorized as biotic or abiotic stress-associated genes. ToRSV induced 76% (39/51) of abiotic and 61% (37/61) of biotic stress genes. A subcategory of abiotic stress composed of waterdeficit response genes showed statistically significant induction (92%, 12/13) by ToRSV.
Metal/metal binding.
Genes in this category primarily included metallothioneins, metal-binding proteins, and copper-related genes. Although specific functions are not known for most of these genes, as a category they showed a general pattern of induction by both PPV and ToRSV, though only ToRSV was statistically significant. In all, 83 and 87% (10/12 and 13/15), respectively, were induced. Eleven genes were altered by both PPV and ToRSV and all changed in the same direction. Two of these genes were similar to a known metallothionein from tobacco previously shown to be both TMV and wound inducible (Choi et al. 1996) .
Categories uniquely induced by ToRSV.
Three categories of genes uniquely showed statistically significant induction by ToRSV. In all, 69% (22/32) of energy/ mitochondria genes, 68% (32/47) of membrane/cytoskeleton/ intracellular transport genes, and 72% (33/46) of proteolysis/ proteasome genes were induced by ToRSV. Thirty-six percent (17/47) of the induced genes in the membrane/cytoskeleton/ intracellular transport category fell into the subcategory of vesicle trafficking, which by itself also was statistically significant. The general validity of the microarray data was verified by real-time polymerase chain reaction (PCR) using a small subset of statistically significant genes. To achieve more robust validation, virus inoculations were repeated and new RNAs (not used for microarray experiments) were obtained. PCR primers were designed for 38 genes chosen to represent a wide range of different functional categories. When available, primer sequences were designed against N. benthamiana homologs of the potato genes. Of these 38, 11 both amplified single cDNA fragments of the expected size and showed linear amplification in real-time PCR experiments. Gene IDs and primer sequences for all 11 are shown in Table 2 . The resulting ex- pression data is shown in Table 3 . All 11 confirmed expected results from microarray data with the exception of STMDH96, which was identified as repressed by ToRSV in microarray experiments but showed induction in real-time PCR experiments.
DISCUSSION
Over the past century, the impact of viruses on host morphogenic, cellular, structural, physiological, and biochemical properties has been documented extensively. Collectively, these studies show that viruses can alter host function at almost every level. Leaf, root, stem, fruit, and flower morphology can change, cellular organelles often become damaged, novel viral-induced cellular structures and inclusions appear, and photosynthetic capacity and other metabolic processes are altered (Mathews 1991) . The ability of viruses to interfere with these basic host functions offers opportunities to not only decipher the molecular events associated with symptom development but also provide a means to probe basic plant functions (Biemelt and Sonnewald 2006) . By comparing the global gene expression profiles of systemically infected N. benthamiana leaves challenged with three different fruit tree viruses that cause distinct symptoms, it was possible to draw some general correlations between patterns of gene expression and symptoms. Although these correlations are strictly circumstantial and not necessarily causative, overall they reveal some likely associations. Moreover, many of the observed expression changes are supported in the literature, including a number of functional examples.
The number of genes altered by each virus was consistent with the severity of the observed symptoms. Gene expression data largely reflected these differences because ToRSV, which induced the most damaging symptoms, altered the most genes (1,041), followed by PPV (679) and PNRSV (75). A similar result was obtained previously by comparing the expression profiles of two distinct enveloped viruses, Sonchus yellow net virus (SYNV) and Impatiens necrotic spot virus (INSV), in N. benthamiana. INSV caused more severe symptoms than SYNV and, likewise, substantially more gene expression changes at comparable time points. Sixty-two percent of the genes altered by SYNV also were altered by INSV, similar to the 56% overlap observed between PPV and ToRSV (Senthil et al. 2005) . The observed overlap implies a great deal of similarity in the host response to each virus; however, when analyzed in depth, the similarities appear to be restricted to particular categories of genes. Because the microarray experiments presented here were rather limited (i.e., performed at a single time point using mixtures of systemically infected leaves of different ages and degrees of infection), the observed correlation between numbers of expression changes and symptom severity likely is due to the overall health of the infected plants. Many profound expression changes that take place only in specific tissue types or diseased states likely were diluted and were not observed.
Repression of plastid-associated genes.
Chlorosis is one of the most common symptoms caused by plant virus infection and often is associated with reduced pho- tosynthetic capacity (Mathews 1991) . Mosaic patterns typically are observed; however, general yellowing, rings, or spots are also common. All three viruses used in this study caused observable chlorosis but manifested in different ways. ToRSV infection triggered pronounced yellowing in systemically infected leaf tissue that became more widespread as leaves matured. PPV infection produced mosaic symptoms typical for potyviruses. At the time of leaf collection, few or no symptoms were observed for PNRSV-infected plants, although mild mottling could be observed in infected leaves after several weeks. Consistent with these symptoms, repression of plastid-associated genes was observed for both PPV and ToRSV but not PNRSV and the overall level of repression was associated with the severity of chlorotic symptoms-although it is not known where and in which cell types repression takes place. ToRSV repressed two additional categories of genes also associated with plastids (amino acid biosynthesis and plastidic ribosomal subunits) that did not show statistically significant repression by PPV. It is not known whether repression by each virus is achieved through the same or different mechanisms. One possible mechanism could be the degradation and destruction of plastids themselves. Although little is known about the cytopathic effects of ToRSV infection, PPV is known to have damaging effects on chloroplasts and commonly causes chloroplast membranes to rupture (Minoiu 2002) . In ToRSV-infected leaves, several genes with known functions in chloroplast, chlorophyll, or starch degradation were induced, indicating that there may be concerted reprogramming events that lead to repression of plastid-associated genes and their subsequent degradation. Although chloroplast degradation cannot be ruled out as the cause of repression, the lack of impact on chloroplast-encoded genes suggests that chloroplasts and chloroplast gene regulation in general remain intact.
Communication between plastids and the nucleus has been documented extensively. At least five different pathways are known that control the expression of thousands of plastid-associated genes encoded within the nucleus (Beck 2005) . Consequently, ample opportunity exists for viruses to interfere with these avenues of communication in a variety of ways. Repression of some plastid-associated genes by viruses has been hypothesized to occur as a consequence of impaired carbon partitioning and increased carbohydrate accumulation in source tissues that leads to subsequent repression of photosynthetic machinery (Herbers et al. 1997 ). This has been attributed to the action of viral movement proteins. Transgenic plants expressing high levels of a luteovirus movement protein showed both symptom development and carbohydrate accumulation in source tissues (Herbers et al. 1997) . Carbohydrate accumulation was accompanied by reduced levels of Rubisco protein. By comparing different transgenic lines, the authors theorized that alterations in plasmodesmal gating impair carbohydrate phloem loading, thus causing accumulation in source tissues. Seemingly in contrast, plants expressing TMV movement protein also showed changes in carbon allocation; however, this function could be uncoupled from plasmodesmal gating (Balachandran et al. 1995) . In this example, the authors concluded that the TMV movement protein may interact with other host factors to alter carbon allocation. It is not clear whether the widespread repression of plastid-associated genes in our study could have resulted from changes in carbon allocation because a mixture of source and sink tissues likely were collected. In the case of ToRSV, stem necrosis and subsequent phloem blockage or the action of the ToRSV-encoded movement protein could inhibit carbon partitioning and subsequent repression of photosynthesis-related genes. Despite this possibility, it seems unlikely that this mechanism alone can also explain the repression of nonphotosynthetic plastid functions such as amino acid and protein synthesis. PPV and other potyviruses do not encode a single movement protein, and this function has been attributed to several different proteins, including helper component protein (HCPro), coat protein (CP), and cylindrical inclusion protein (CI) that also controls virus replication Rojas et al. 1997) . Interestingly, PPV CI recently was shown to interact with the photosystem I subunit PsaK and repression of PsaK led to higher PPV accumulation in inoculated leaves (Jimenez et al. 2006) . Here, ToRSV repressed PsaK expression but PPV did not, consistent with previous results of Jimenez and associates (2006) . For some potyviruses, virus replication occurs in vesicles formed from the outer chloroplast membrane bilayer and viral CP has been identified within chloroplasts, negatively effecting photosynthesis and photosystem II activity (Fu et al. 2004) . Although this has not been established for PPV, it was found to promote the formation of inclusion bodies situated in close proximity to rupturing chloroplast membranes and could cause similar effects (C. Dardick and C. Murphy, unpublished) . Taken together, these data indicate that multiple synchronous mechanisms distinct for each virus likely contribute to the widespread repression of plastid-associated genes.
At the time of submission of this manuscript, Shimizu and associates (2007) similarly reported the repression of plastidassociated genes in rice by a double-stranded RNA virus (Rice dwarf virus) which causes chlorotic specks and stunting. This suggests that repression of plastid-associated genes may be a feature common to many plant viruses. Why do these diverse viruses target plastid function? It seems somewhat counterintui-tive because plastids perform essential functions that also should be important for virus replication such as amino acid biosynthesis. Even if impairment of plastid function occurs in a manner that is not limiting to virus replication, why does it occur at all? It could largely be a consequence of some general feature of virus pathogenesis, such as plasmodesmal gating by virus cellto-cell movement proteins that alter phloem-loading capacity and partitioning of carbohydrates and other metabolites (Herbers et al. 1997 ). An alternative possibility proposed by Abbink and associates (2002) is that, by disabling chloroplasts, viruses circumvent or inhibit the activation or action of plant-defense responses. At least two studies have shown that repression of specific photosystem subunits permits increased accumulation of unrelated viruses (Abbink et al. 2002; Jinenez et al. 2006) . Moreover, the key defense signaling hormones salicylic acid (SA) and jasmonic acid (JA) are formed from amino acid biosynthesis intermediates located predominantly if not entirely in chloroplasts (Mauch et al. 2001; Schmid and Amrhein 1995; Wasternack et al. 2006 ). Together, these findings suggest that disabling plastid function may impair host defense signaling and, in some cases, could be a prerequisite for productive virus infection; possibly explaining why diverse viruses target plastid function.
Impacts on host translational machinery.
Because plant viruses do not encode their own protein synthesis machinery, they must co-opt the host cell machinery to translate viral RNAs and produce viral proteins. Thus, viral RNAs must directly compete with host mRNAs for these re- TTATGTGAGGCTCAAAGCCGGT  TGTGCCACGAACCCATTTCTCA  STMHL75  Q852T0*  vacuole_protein processing  TGCCACAACAGCATCAAACGCT  TGACCAGGTGATATTGCTGCCT  STMCR18  Q8VWQ1* stress_dehydration  TCCCATGCCCAAGGCAATCAAA  ACCCTTGCCGGTGTTGACATTT  STMID91  BQ513312 protein synth_ribosome_L28  AGAATGGCCAAGGCTGTAACCA  TTGCAAGTCACACGCCATAGCA  STMDH96  T46225*  protein synth  TGCAAACACAGGCAGCTCATCA  TTGACTGCCTTGCTCCTGGAAA  STMEF49  Q9M6E0* pathogenesis_WRKY4  TGGTGGATGATGGTCATGCTTGGA TTCTGCACCTGCTTGGTTGCTT  STMGP48  Q94IQ1*  oxidation  TGAAACCCTAGCCAACCTTCCA  TGGCCACCAGAAAGTGCAACAA  STMHT08  BQ511673 amino acid_catabolism_branch-chain  TTTCCTGGAGGACAGCTTCCAA  GCCAATTCTTTGCTCACCTCCT  STMCF47 BQ112154 carbon fixation ATGTACCTGTGGCAGTGGAAGAGA ATCATCTCCATGATCAGCGAGGCA STMEY49 Q40565* chloroplast_photosynthesis TGCCAACAAAGCACCGTTGAGT TCGGTCTGTTTCTTGGGATCGACA a Primer sequences were derived from Nicotiana benthamiana for genes having GenBank homologs; otherwise, potato sequences were used. sources. PPV uniquely showed widespread induction of protein synthesis-related genes. The observed induction was due primarily to the increased expression of large numbers of cytosolic ribosome subunits. This is consistent with previous EM studies indicating that PPV-infected peach leaves contain increased nucleoprotein synthesis and numbers of ribosomes (Brunt et al. 1997; Rankovic 1974) . Further studies are needed to determine whether or not increased ribosome gene expression is required for productive PPV infection and which PPV protein or proteins are responsible. In budding yeast, much of the ribosome machinery is controlled by two regulons: the ribosome protein (RP) regulon that controls ribosome genes and the rRNA and ribosome biosynthesis (RRP) regulon that includes over 200 ribosome biosynthesis and rRNA genes (Wade et al. 2006) . Plant ribosomal protein genes likewise may be controlled by one or a few such regulons. Understanding how PPV promotes induction of these genes would provide insight into this basic plant function and possibly enable strategies to increase protein expression beyond that normally obtainable in transgenic plants. PPV and ToRSV, despite having distinct particle morphology, have similar replication strategies, including poly-A tails, 5′ viral-encoded VPg cap proteins, and the production of proteolytically cleaved polyproteins. Despite these common features, it appears they create dramatically different cellular environments for replication and translation of viral proteins. It may be that two opposing strategies are employed by these viruses to compete with host mRNAs for protein synthesis machinery. In the case of PPV, upregulation of translation-associated genes may produce excess machinery and provide the additional resources needed for viral RNAs. In contrast, ToRSV may gain a competitive advantage by repressing specific host components needed for host mRNAs but dispensable for viral RNA processes. In support of this, ToRSV exclusively repressed genes with functions in RNA splicing (STMGF94 and STMCY75) and induced genes with functions in mRNA decapping (STMDB11 and STMGN04). Alternatively, these findings may represent contrasting host-mediated responses. In the case of PPV, the plant may respond to viral competition for translation machinery by inducing expression of translation genes, whereas the response to ToRSV infection could represent a form of defense whereby repression of specific components of the translation machinery inhibits virus replication while sustaining mRNA translation.
Induction of biotic and abiotic stress genes.
A common aspect of plant virus infection that has been illuminated by expression profiling experiments is the induction of biotic and abiotic stress response genes (Chen et al. 2002; Golem and Culver 2003; Huang et al. 2005; Marathe et al. 2004; Senthil et al. 2005; Trinks et al. 2005; Whitham et al. 2003 Whitham et al. , 2006 . Consistent with these findings, both PPV and ToRSV induced the expression of large numbers of pathogenesis-or stress-related genes, many of which were induced by both viruses. A subset of these genes overlapped with a previously identified set of genes found to be commonly induced by virus infection in both Arabidopsis and N. benthamiana. PPV and ToRSV differed in the induction of abiotic stress genes, most of which were induced by ToRSV but not PPV. Induced genes included a statistically significant number of water-deficit response genes. The induction of these pathways by ToRSV could result from stem necrosis and blockage of vascular tissue, which likely cuts off water supplies to the aerial parts of the plant and causes the observed wilting of the upper leaves.
Surprisingly, PNRSV did not induce the expression of any pathogenesis-or stress-related genes, and all six genes identified in this category were repressed. Given the overall mild symp-toms caused by PNRSV infection, it appears that this virus is able to infect N. benthamiana in a manner that does not trigger systemic stress or defense responses. Many virus-host combinations are known to allow virus accumulation in the absence of discernable symptoms, sometimes called tolerant or latent infection. Plant gene expression responses to such tolerant infections are largely unexplored but likewise may be limited.
Induction of gene categories associated with cell death by ToRSV.
The most striking and unique symptom caused by ToRSV was the appearance of generalized necrosis and cell death in systemically infected tissues. Cell death can be stimulated by a wide range of inducers and generally is believed to result from several distinct but likely overlapping cellular-mediated pathways, collectively referred to as programmed cell death (PCD) (Broker et al. 2005 ). Among these are apoptotic pathways mediated by caspases or the mitochondria, nonapoptotic necrosis, and autophagy. These different forms of PCD share a number of features, including degradation of proteins, macromolecules and cellular organelles, changes in membranes, vesicle trafficking, cytoskeletal architecture, activation or release of proteases into the cytosol, and loss of mitochondrial membrane potential (Broker et al. 2005) . Although the cause of necrosis in ToRSV infected plants is not known, three gene categories with known connections to PCD were uniquely induced by ToRSV. These include energy/mitochondria, membrane/cytoskeleton/intracellular transport, and proteolysis/proteasome. Although these gene categories cannot be linked unequivocally to the observed necrosis, the fact that they were not significantly induced by viruses which did not cause PCD supports this notion.
Summary.
By comparing changes in host gene expression caused by distinct viruses, it was possible to draw some general parallels with observed symptomology and known cytopathic effects. At 2 weeks PI, ToRSV displayed symptoms of chlorosis, necrosis, and wilting. Consistent with these symptoms, genes associated with chloroplast function were repressed; stress-or pathogenesis-related genes, including water-deficit response genes, were induced; and gene categories associated with cell death were induced. PPV caused chlorosis and changes in leaf morphology. Known cytopathic effects of PPV include formation of distinct inclusions bodies, evaginations of chloroplast and nuclear membranes, and increased nucleoprotein synthesis and numbers of ribosomes (Brunt et al. 1997; Rankovic 1974) . PPV repressed the expression of chloroplast-associated genes, induced stress-or pathogenesis-related genes, and induced expression of cytoplasmic ribosomal subunits. PNRSV caused little symptomology and likewise few gene expression changes. Collectively, these data reveal that comparative gene expression profiling has the potential to reveal connections between gene expression changes and associated symptoms. In the future, expanded studies that encompass more viruses with varying symptomology, multiple time points after infection, and multiple tissue types, developmental stages, and disease states will delineate a more comprehensive view of these host transcriptional changes associated with specific symptoms in both time and space.
MATERIALS AND METHODS
Plants and virus inoculations.
Because PPV is a quarantined pathogen, inoculations with all three viruses were conducted in the BSL3 greenhouse facility at the United States Department of Agriculture-Agricultural Research Service (USDA-ARS), Foreign Disease-Weed Science Research Unit, Fort Detrick, MD, U.S.A. Three-week-old greenhouse-grown N. benthamiana plants were inoculated by rubbing plant sap infected with PPV (D-type, PENN1 strain), ToRSV (peach yellow bud mosaic strain), or PNRSV (undefined Prunus strain) onto two fully expanded leaves dusted with Carborundum. Eight plants were inoculated with each virus or mock inoculated using sap from healthy plants. All 32 plants were randomized and maintained in the same growth chamber at 22°C for 14 days. This experiment was repeated twice. Four biological replicates derived from two virus-infected plants from each replica experiment (four plants total) were used for hybridizations. RNA from all mock-inoculated plants was similarly pooled to create four biological replicates. Each replicate control served as a universal reference sample that was hybridized to one of the four biological replicates from each of the three virus treatments. Dye swaps were performed on all four biological replicates. Therefore, data for each virus was derived from eight hybridizations with the exception of ToRSV, in which case one dye flip was unsuccessful and data only collected for only seven hybridizations.
RNA extraction.
After 14 days, uninoculated systemic leaves displaying symptoms or similar-aged healthy leaves from mock-inoculated controls were harvested and immediately frozen in liquid N 2 . Total RNA was purified using Trizol (Invitrogen, Carlsbad, CA, U.S.A.) according to a modified protocol. RNA subsequently was treated with Turbo RNase-free DNase (Ambion, Austin, TX, U.S.A.) according to the manufacturer's instructions. Finally, total RNA was further purified on RNeasy midiprep columns (Qiagen, Valencia, CA, U.S.A.) and quantified using a Nanodrop (Wilmington, DE, U.S.A.) spectrophotometer. RNA was prepared using this same protocol for both microarray and real-time PCR experiments.
cDNA labeling and microarray hybridization.
All labeling and hybridization experiments were carried out by The Institute for Genomic Research (TIGR), Rockville MD, U.S.A. Labeled cDNA was derived from 20 μg of total RNA was indirectly labeled with Cy3 or Cy5. Complete protocol descriptions and detailed protocols for microarray hybridization are available online.
Data analysis.
Microarray scanning, spot finding, and raw data collection were performed by TIGR. Detailed quantification and normalization as well as spot finding methods are available online. All microarray images, expression data, and detailed experimental descriptions are available at the TIGR potato functional genomics website under ID number 88. Normalization and expression significance analysis was performed using the commercially available GeneSpring software (Silicon Genetics, Redwood City, CA, U.S.A.). Mean normalized expression values for each gene were calculated from data derived from eight scanned microarray images (four biological replicates and four dye swaps) for each virus treatment. Genes showing statistically significant changes in response to infection by PPV, ToRSV, and PNRSV were identified using P value assignments <0.05 derived from one-way analysis of variance analysis followed by multiple testing correction of Benjamini and Hochberg (<0.05) (Benjamini and Hochberg 1995) .
Gene categorization.
First, the application Blast2Go (Conesa et al. 2005 ) was used to complement existing potato gene annotation. Second, gene annotation was further supplemented with manual BLASTX, conserved domains, and literature searches. Keywords derived from published literature and National Center for Biotechnology Information entry data were added to each gene. Using this combined information, a functionally driven classification scheme (based in part on GO classes), comprising 23 categories, was created manually. Larger categories were further subdivided into subcategories. Some of these were created to reflect the biology of interest such as auxinrelated, RNA silencing, and virus interaction, all of which have known connections to virus pathogenesis. In many instances, individual genes fell into more than one category and deciding where each gene belonged was problematic. Therefore, a secondary classification was performed for three categories (chloroplast function/photosynthesis, stress/pathogenesis, and virus interaction) to capture all related genes that initially were classified into different primary categories.
Significance tests were performed on all categories and subcategories for each virus; χ 2 tests were used for those containing >50 genes whereas Fisher's exact test was used for those containing <50 but >10 genes. Expected values were calculated based on the ratio of all induced versus repressed statistically significant genes for each virus. Two categories with largely random assignments, including "unknown" and "transcription factor/unknown," served as negative controls and, as expected, were not identified as statistically significant.
Real-time PCR.
Reactions were performed in the ABI Prism 7900HT sequence detector (Applied Biosystems, Foster City, CA, U.S.A.). The real-time assay was performed using SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen). The qRT-PCR reagent (13 μl) was added to 2 μl of total RNA. The 15-μl assay contained 1× SYBR Green reaction mix (includes 0.2 mM each dNTP and 3 mM MgSO 4 ), 200 nM each forward primer (5′) and reverse primer (5′), and 500 nM Rox reference dye. Rox was used as a passive dye for assay volume normalization. qRT-PCR was carried out at 50°C for 5 min, 95°C for 5 min, and 40 cycles of 95°C for 15 s and 60°C for 30 sec. A final denaturation step was included to verify the amplification of a single PCR product for each reaction. PCR product size was verified by agarose gel electrophoresis of amplified products (data not shown). Threshold cycle values were obtained from the ABI 7900 Sequence Detection software (Applied Biosystems). Linearity over the 20-to 40-cycle range was established by standard dilution curves. All reactions were done in triplicate and the values averaged. Two RNA concentrations, 5 and 50 μg, were used for all experimental samples. Data falling closest to the standard curve was reported. Constitutively expressed control genes used for normalization were identified from the microarray data. Five genes were identified as highly constitutive across all virus treatments and one (STMGG19) was chosen based on efficient and consistent PCR amplification (data not shown). STMGG19 was used to normalize all real-time PCR data derived from all RNA samples. 
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